The mesoporous silica particles were prepared by the sol-gel method in one-step synthesis, in acidic conditions, from tetraethoxysilane (TEOS) and methyltriethoxysilane (MTES), varying the mole ratio of the silica precursors. Nitric acid was used as catalyst at room temperature and hexadecyltrimethyl ammonium bromide (CTAB) as structure directing agent. Optical properties, porosity and microstructure of the materials in function of the MTES/TEOS ratio were evaluated using infrared spectroscopy, nitrogen adsorption and small angle X-ray scattering. All materials showed the ordered pore structure and the high specific surfaces, making them suitable as the drug delivery systems. Drug loading and release tests using ketoprofen were performed to assess their performance for drug delivery applications. The amount of the methylated precursor used in the synthesis had little effect on the drug loading capacity, but had a strong influence on the initial rate of the drug release.
INTRODUCTION
Mesoporous silica with ordered pore structure can be synthesized using ionic surfactants as directing agents, with alkaline or acidic catalysts. The alkaline route involves direct co-condensation of anionic inorganic species with a cationic surfactant, by self-assembly of anionic silicates and cationic surfactant molecules. 1 Such synthesis often requires high temperature and a long reaction time, in order to obtain ordered pore arrangement. 2 Silica with ordered mesoporosity can also be prepared in acidic conditions. The advantage of acidic medium is that high quality mesoporous silica can be obtained in a short duration reaction, at room temperature. 3 The acid anion from the catalyst buffers the repulsion between the cationic silicate species and the ammonium surfactant, by means of the weak hydrogen bonding forces in acidic conditions. In that way, the acidic pathway can offer more flexible structures and morphologies than the alkaline pathway, due to weaker surfactant/silicate interaction. 2 The ordered mesoporous material is formed from the pre-existing surfactant liquid crystal phase and the micelles are subsequently coated with the slowly condensing silica. 4 Cubic, lamellar and hexagonal structures can be produced in ways predictable from surfactant-water phase diagrams, and the morphology can be changed by variation of the mixture composition or processing temperature. 5 The degree of ordering and the pore size can be changed by varying the chain length of the surfactant molecule, or using co-solvent additives. 6, 7, 8 Another way to manipulate the pore structure and the pore surface is to use mixed precursors. The attempts of using methylsilane as partial substituent for TEOS resulted in the increase of the surface area, to the significant decrease of the pore size and to the broadening of the pore size distribution. 9, 10 Also, the materials stable over time toward water can be obtained due to the enhancement of the surface hydrophobicity induced by increased density of the surface methyl groups. 11 Under the acidic condition, the rate of MTES hydrolysis/polymerization is much greater than that of TEOS. Comparatively, under the alkaline conditions, the hydrolysis-polymerization rate of MTES decreases noticeably. 12, 13 We have recently reported the morphology development of mesoporous MCM-41 materials prepared with mixtures of MTES and TEOS in alkaline synthesis conditions and the obtained hexagonally ordered structure from pure TEOS to equimolar MTES-TEOS ratio. 14 Since the first demonstration by Vallet-Regí et al. of using MCM-41 type mesoporous silica as drug carriers, 7 this class of materials has been extensively explored for drug loading and release properties. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The key parameters that affect the adsorption and the release of organic molecules are the particle size, the pore size, and the chemical nature of the pore surface. In order to be suitable for biomedical use the materials must be biocompatible, non-toxic, have an open ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
CONTROLLED DRUG RELEASE 1029 pore network, be homogenous in size, and have large surface area. Surfactant--templated mesoporous silica fulfils all these conditions. Furthermore, the large variety of particle types, synthesis methods and surface modifications make them useful for drug delivery applications. Control of the drug loading and subsequent release can be achieved by the functionalization of the silanol groups on the pore surface. 28 Besides the more complex synthesis procedure, there are also drawbacks of the post-synthesis functionalization, because of the non-even coverage of the pore surfaces by the attached groups, or even blocking the pore entrances, especially in materials with relatively small pore sizes such as MCM-41. 29 In studies of mesoporous silica particles used as drug carriers, either the performance of the prepared original material is analyzed, or particles having different geometries, 16, 22, 26, 27, 29 pore sizes, 7, 15, 26, 29 or functionalized with different molecular groups, [17] [18] [19] [20] [21] 25, 29 are compared. While for developing materials with the required release performance, the common approach is to find a suitable functionalization, there is a shortage of studies in which the release properties are finetuned by the continuous variation of the pore morphology or pore surface hydrophobicity.
We prepared MCM-41 mesoporous hybrid silica materials using mixed silica precursors, and hexadecyl trimethyl ammonium bromides (CTAB) as templating agent. HNO 3 was chosen as catalyst, based on its favourable performance observed in comparative studies. 2, 31 The pore morphology was changed by adding methyltriethoxysilane (MTES) in different concentrations into the reaction medium. The resulting drug adsorption and the release performance depend on the pore structure, a continuous variation of which offers a possibility to fine tune the release profiles. The prepared mesoporous silica samples have been tested as drug delivery systems; drug loading and release measurements have been performed.
As model molecule, ketoprofen (2-(3-benzoylphenyl)propionic acid) has been chosen, which is an anti-inflammatory analgesic and antipyretic drug, used in treatment of acute pain and chronic arthritis. 32 The main difficulty associated with the commercial formulation is the poor water solubility, which leads to poor dissolution rate and a subsequent decrease in its gastrointestinal absorption, 33 and the significant drug loss and possible damaged healthy organs and tissues. The drawbacks of the commercial ketoprofen formulations with rapid release are that the peak plasma levels occur within 0.5-2 h and a rapid clearance after 1-4 h, giving limited effectiveness and fluctuating plasma drug concentration. 34 Finding the carrier materials with control of the drug release rate is therefore a primary goal for improving the performance of ketoprofen carrier formulations.
The presented one-pot synthesis demonstrates a simple way of preparation and control of morphology and drug release properties of hybrid mesoporous silica. 
EXPERIMENTAL

Synthesis
All chemicals were commercially available: tetraethoxysilane (TEOS, 99 %, for analysis, Fluka); methyltriethoxysilane (MTES, 97 %, Merck); hexadecyltrimethyl ammonium bromide (CTAB, Sigma); nitric acid (Merck, 65 % HNO 3 ).
Materials were synthesized under acidic conditions following a modified recipe of Xiang by using the CTAB directing agent. 2 The TEOS precursor was partially substituted by MTES in different mole ratios, such as, MTES:TEOS = 0:10; 1:9; 2:8; 3:7; 4:6; 5:5. The mole ratio of the reactants was: (TEOS+MTES):CTAB:H 2 O:HNO 3 = 3:1:741:18.7. First, 5.47 g of CTAB was dissolved in a nitric acid solution (19.42 mL of 65 % HNO 3 in 195.66 mL H 2 O). The mixtures were vigorously stirred at 40 °C for at least 30 min. Then, the sol-gel precursors (10 mL TEOS or TEOS+MTES mixed in advance) were slowly dripped (within 10 min) into the reaction mixture and the stirring continued for 3 h (rotation speed 300 rpm) at 40 °C. The formed gel was aged for one day, in static condition. On the following day, the white precipitate was washed several times with distilled water until the pH of the supernatant approached the pH value of the distilled water. Subsequently, the samples were filtered and dried in air at room temperature for one day, and then at 100 °C. Afterwards, the samples were thermally treated at 550 °C for 6 h (heating at 1 °C/min) to remove the directing agent and were labelled as: Cx, where x is a number from 0 (no MTES content) to 5 (the highest MTES content).
Characterization
FTIR spectra were taken on KBr pellets with a JASCO-FT/IR-4200 apparatus. Samples after drying as well as after calcination have been studied.
Measurements of specific surface area were performed by low temperature nitrogen adsorption using QuantaChrome Nova 1200e analyzer. Before measurements the samples were outgassed at 120 °C for 17-18 h in vacuum. Surface area, S BET , has been determined by Brunauer-Emmett-Teller (BET) method. The pore sizes have been calculated by the Barrett--Joyner-Halenda (BJH) method from the adsorption branches of the isotherms. The analysis of the pore size distribution was performed on the basis of nitrogen adsorption isotherms using DFT method (cylindrical pore, NLDFT adsorption branch model).
Small-angle X-ray scattering measurements were conducted on the CREDO laboratory instrument, operating with point focus geometry. 35 The scattering intensity I(q) was recorded as a function of scattering vector q = 4πsin(θ/λ), where λ is the wavelength of the incident radiation, and θ is half of the scattering angle. CuKα radiation of 0.154 nm wavelength from a the microfocus anode source was used. A Pilatus 300K two-dimensional CMOS detector with pixel size of 0.172 mm was placed at a distance of 337 mm from the sample, covering a q-range of 0.4-8 nm -1 , which is well suited to observe the first three or four diffraction peaks of MCM-41 type materials. The scattering intensity was azimuthally averaged over the detector, and the data were corrected and normalized by measurement time, transmission, sample thickness, background subtraction, and geometrical distortions.
Drug loading and release tests
Ketoprofen has been used as the active pharmacologic agent. It has been loaded into the 6 samples by dissolution in ethanol 36 at 17 g/L. For drug loading, 100 mg of silica carrier was put in 5 mL of ethanol solution. After 24 h, the material was filtered and left to dry at room temperature for another day. Afterwards, the drug loaded material was weighed and the amount of the adsorbed drug was determined from the mass increase.
For the release experiment, the ketoprofene-loaded silica powders were pressed to pastilles. The simulated body fluid (SBF) solution was prepared using Kokubo recipe, 37 and left to rest in the laboratory for one day, in order to check for occasional precipitate formation. Then it was divided for setting up a calibration curve, and for the release media of the 6 samples. Its pH was 7.2, mimicking the intestinal fluid. The ketoprofen concentration in SBF was followed by measuring the UV absorbance at 260 nm. For the desorption experiment, a sample was soaked in 20 mL of SBF. 19 At the regular time intervals, 2 mL of liquid was removed for analysis, and replaced by SBF. The dissolution experiment was performed at room temperature, 23 °C.
RESULTS AND DISCUSSION
FT-IR spectra
The FT-IR spectra reveal the characteristic bands for the methylated silica materials (Fig. 1) . Bands of the OH stretching vibrations of adsorbed water were noticed around 3440 cm -1 . 38 Their intensities are decreasing with the increase of MTES content, indicating the increase of the hydrophobicity of the material. All samples showed the specific vibration bands assigned to the silica skeleton at 1050, 800 and 450 cm -1 , corresponding to the asymmetric stretching, symmetric stretching and bending vibration of the Si-O-Si network, respectively. 38 The presence of the silanol groups was confirmed by the existence of the band centred about 960 cm -1 , which is associated with the stretching mode of the Si-OH groups.
The characteristic vibration bands of the organic groups of the surfactant molecules and the bands of the methyl groups from MTES precursor are at: 2930, 2860, 1760, 1509, 1488, 1387, 1350 and 1139 cm -l . The CH stretching vibrations for saturated aliphatic species occur between 3000 and 2800 cm -l (bands at 2930 and 2860 cm -l are the asymmetric and symmetric CH stretching vibrations) 39 and the corresponding simple bending vibrations occur between 1500 and 1300 cm -l ; the asymmetric vibration band of the methyl group at 1365 cm -1 is visible in xerogel samples only. 
Nitrogen adsorption
The nitrogen adsorption isotherms are typical for MCM-41 type porous materials (Fig. 2a) . With the increase of MTES content, the specific surface area (S BET ) first increases until 3:7 MTES:TEOS mole ratio, reaching a maximum value 1580 m 2 /g, then decreases to 888 m 2 /g for the highest MTES content (Table I) . With the increase of MTES content, the total pore volume and the pore size are decreasing. The C0 sample shows an isotherm of IV type with hysteresis, and for the MTES containing samples, the isotherms are of IV type, with no hysteresis; the only exception is the material with the highest MTES content, which does not show the distinct capillary condensation step and it probably belongs to type II, characteristic for microporous materials. is shifting toward lower pore dimensions, and becomes broader (Fig. 2b) . For all samples, the pore sizes and the high specific surfaces are comparable with the best MCM-41 type mesoporous silica materials, showing that using MTES in synthesis does not reduce strongly their surface, relevant for their drug carrier usage. 
Small-angle X-ray scattering
The morphology of mesoporous materials on a nanometer scale can be assessed by the combination of electron microscopy with scattering methods. 43 While the electron microscopy can reveal the structure of porous silica materials at nm resolution in the direct space on a selected part of the sample, the small angle scattering provides the statistically accurate volume-averaged structural information about the whole sample. The SAXS diffractograms are shown in Fig.  3 . They exhibit the first three diffraction peaks characteristic for the hexagonal mesoporous structure of surfactant templated MCM-41 type materials 7, 14 . For the sample prepared with TEOS only, (sample C0), the first peak is seen at the lowest angles. With the increasing MTES content, the peaks shift to higher angles, indicating that the addition of the hydrophobic precursor leads to the shrinkage of the lattice spacing, and thinning of the silica frame of the pore walls.
14 Such behaviour suggests that the increasing of the methyl content lowers the stability of the structure against mechanical or thermal stress. C4 and C5 only the first diffraction peak is observable, showing the gradual loss of the long-range structural order. 8 
Electron microscopy
At low magnification, all samples show the typical particle shapes of the ordered mesoporous silica prepared in acidic conditions. 6 They appear as folded or twisted rope fibres at lower magnification (Fig. 4) .
At high magnification, the arrays of very long tubules are observed, which correspond to the hexagonally ordered pore structure of typical MCM-41 materials.
Evaluation of Ketoprofen loading capacity and release profile
Drug loading. The main factors influencing the drug loading and release are the surface area, the pore dimensions and the chemical composition of the surface. The surface area is the most determining factor for the amount of the adsorbed drug. The adsorption is governed by the size selectivity related to the compatibility of the size of drug molecules to the pore dimensions. The drug loading can therefore be modified by the increasing/decreasing the surface area and the pore size, and by changing the surface-drug affinity.
The pore volumes in the series of hybrid samples decreased from 1.19 to 0.45 cm 3 /g with increasing MTES content, and the pore surface decreased from 1100 to 900 m 2 /g ( Table I ). The ketoprofen loading capacities in the given conditions were between 45 and 80 % (Table II) . For most of the samples, the loading capacity does not change systematically, and it stays within 20 % range in average. In another study where the surface functionalization of mesoporous silica was realised by the post-grafting with trimethylmethoxysilane, the modification resulted in the decreased surface area, the pore size, and the pore volume, which decreased the flurbiprofen-loading capacity by about 50 %. 44 Authors explained it by the decreased pore volume after functionalization.
In mesoporous silica, the drug-pore wall interaction is influenced by the atomic groups at the surface 45 and also by the weak drug-drug interactions at ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
CONTROLLED DRUG RELEASE 1035 higher pore filling. 28 The pore size distribution also influences the drug loading: the adsorption in large pores is more efficient than in smaller ones, due to the faster diffusion, 46 but on the other hand for materials with larger pores the specific surface is smaller. Considering that the adsorption is favoured by the interaction of the carboxylic (-COOH) functional group of ketoprofen with the superficial hydroxylic (OH) groups of silica, a hydrophobic silica surface provides less active sites for adsorption, resulting in lower loading capacity. 46 In vitro drug release. Dissolution of ketoprofen in the SBF is displayed in Fig. 5 as the cumulative weight percentage of the drug released in time.
The cumulative release data have been fitted to the theoretical and the empirical equations of zero and first order kinetics, Higuchi model, Hixson-Crowell model and Korsmeyer-Peppas model. All they showed the reasonable fits to the first hour data, while the fit quality got worse over the 24 h interval. The coefficients of determination (R 2 ) of the aforementioned models applied to the 24 h data were between 0.85 and 0.98 varying non-systematically between the samples. For the comparison between the samples in function of their methyl content, the first hour release data were fitted by the zero order kinetics, describing processes with the concentration independent release rates. The coefficients of determination were between 0.94 and 0.99, and the results are shown in Fig. 5b . The retarding effect of the used mixed pre-cursors for the hybrid silica is clearly seen, with about twofold decrease of the release rate from the C0 to the C5 samples.
The release properties of the different samples can also be assessed by comparing the quantities of the ketoprofen released after 1 and 24 h, as shown in Table II . For the C5 sample, the released amount was approximately two times lower than for C0 after one hour, and three times lower after 24 h. The modification of the pore surface by hydrophobic groups can lead to various results, depending on the nature of the drug molecule, and the type of the silica matrix. In the comprehensive studies with larger hydrophobic molecular groups, Doadrio et al. could vary the drug release rate by an order of magnitude, using different alkyl chains grafted in large pore SBA-15 silica matrix. 19 Behaviour similar to our results has been observed recently by Yilmaz et al. 44 Large pore mesoporous SBA-15 silica with methyl groups attached by post-grafting with trimethylmethoxysilane, showed slower release rates when compared to the non-functionalized sample. 44 The functionalization of the MCM-41 channels with aminopropyl groups, by post-grafting, led to the strong decrease of the release rate. 49 Since the drug binding occurs mainly by the hydrophobic attraction between the drug and the alkyl moieties in the pore channels, in the case of small groups such as methyl, its impact to the drug binding strength can be comparable to the effects caused by the change of the pore size and morphology. During the calcination, most of methyl groups are removed from the surface, therefore the change of the release rate can be attributed to the change of the pore morphology, namely to the decrease of the pore diameter with the increasing proportion of MTES.
CONCLUSION
Mesoporous silica materials have been prepared using mixed MTES and TEOS precursors in acidic conditions and analyzed for their morphology and drug loading and release properties. Increasing the amount of the methyl precursor caused the shrinkage of the hexagonally ordered mesoporous structure and a reduction of the pore diameters, while the total pore volumes and the surface areas remained high and suitable for drug incorporation. Ketoprofen loading and the release tests showed that with the increase of the amount of the functionalized precursor, the loading capacity does not change significantly. However, the drug release rates are strongly affected: for the silica prepared with the largest amount of the methylated precursor the initial release rate is about twice slower, when compared to the material made of pure TEOS. This study presents a simple and efficient method of control of the drug release properties within a certain range in mesoporous hybrid silica materials with the ordered pore structure.
Мезопорозне SiO2 честице су синтетисане сол-гел поступком у једном кораку, у киселим условима, полазећи од тетраетоксисилана (TEOS) и метилтриетоксисилана (MTES), варирањем моларног односа прекурсора силицијума. Као катализатор на собној температури коришћена је азотна киселина, а хексадецилтриметиламонијум-бромид (CTAB) је коришћен као агенс за контролу структуре. Оптичка својства, порозност и микроструктура материјала у функцији односа MTES/TEOS су праћени коришћењем инфрацрвене спектроскопије, адсорпције азота и дифракције X-зрака при малим угло-вима. Сви материјали су показали уређену порозну структуру и високу специфичну површину, што их чини погодним за системе за контролисано отпуштање лекова. Тестови наношења и отпуштања лека кетопрофена су изведени да би се утврдиле пер-формансе ових материјала за контролисано отпуштање лекова. Количина метилтри-етоксисилана у синтези је имала мали утицај на капацитет везивања лека, али је имала велики утицај на почетну брзину отпуштања лека.
(Примљено 9. новембра 2018, ревидирано 16. јануара, прихваћено 24. јануара 2019)
